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Edited by Sandro SonninoAbstract The origin of diacylglycerol, a substrate for mem-
brane lipid biosynthesis, is not fully understood. Here, we report
that Petunia hybrida ﬂoral organs contain large amounts of
diacylglycerol. Our data suggest that in stamens and pistils
diacylglycerol is supplied both from phosphatidylcholine by
non-speciﬁc phospholipase C activity and de novo via the
Kennedy pathway and phosphatidic acid phosphatase, whereas
in petals the two-step pathway catalyzed by phospholipase D
and phosphatidic acid phosphatase predominates. Therefore,
the pathways that supply diacylglycerol diﬀer among ﬂoral
reproductive organs, although large amounts of diacylglycerol
are commonly accumulated in these organs.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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sn-1,2-Diacylglycerol (DAG) is a class of neutral glycero-
lipids that contain acyl moieties at the sn-1 and sn-2 positions.
During membrane lipid metabolism in seed plants, DAG is an
intermediate to the biosynthesis of galactolipids, phospholipids
and triacylglycerol. Among these, the importance of DAG as a
substrate has been emphasized in the biosynthesis of galactol-Abbreviations: DAG, sn-1,2-diacylglycerol; DGDG, digalactosyldi-
acylglycerol; G3P, glycerol-3-phosphate; MGDG, monogalactosyldi-
acylglycerol; NPC, non-speciﬁc phospholipase C; PA, phosphatidic
acid; PAP, phosphatidic acid phosphatase; PC, phosphatidylcholine;
PC-PLC, phosphatidylcholine-hydrolyzing phospholipase C; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphati-
dylinositol; PS, phosphatidylserine; PLD, phospholipase D; SQDG,
sulfoquinovosyldiacylglycerol; TGD1, trigalactosyldiacylglycerol1
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doi:10.1016/j.febslet.2007.10.053ipids such as monogalactosyldiacylglycerol (MGDG) and
digalactosyldiacylglycerol (DGDG), primary and indispens-
able lipid classes of photosynthetic membrane constituents
[1,2]. These galactolipids are synthesized by galactosylation
of DAG; the ﬁrst galactosylation step is mediated by a MGDG
synthase to yield MGDG [3], and subsequent galactosylation
yields DGDG via a DGDG synthase [4,5].
The origin of DAG is a key issue not yet fully understood in
the ﬁeld of lipid metabolism, particularly for galactolipid syn-
thesis. DAG can be synthesized both by the plastid-localized
pathway (prokaryotic pathway) and the endoplasmic reticu-
lum-localized pathway (eukaryotic pathway) [1]. In the pro-
karyotic pathway, DAG is thought to be produced from
phosphatidic acid (PA) by PA phosphatase (PAP) [6]. On the
other hand, the so-called ‘PC hypothesis’ suggests that the
eukaryotic pathway produces DAG from phosphatidylcholine
(PC) [1,7–9], although all the enzymes involved have not been
isolated. Seed plants can be categorized either into 16:3 plants
or 18:3 plants, which has both prokaryotic and eukaryotic
pathways or eukaryotic pathway only, respectively. In Arabid-
opsis (a 16:3 plant), a transport unit called trigalactosyldiacyl-
glycerol1 (TGD1) was isolated and shown to incorporate
eukaryotic PA into plastids [10,11]. This suggests that PC is
hydrolyzed to PA by a phospholipase D (PLD) and that trans-
ported PA is dephosphorylated by plastid-localized PAP to
yield DAG. In pea, an 18:3 plant that produces DAG exclu-
sively from the eukaryotic pathway, PC is converted to
DAG by soluble PLD and PAP [12]. However, a gene family
of non-speciﬁc phospholipase C (NPC) that is capable of
hydrolyzing PC to directly yield DAG, was reported in Ara-
bidopsis and shown to be induced during phosphate starvation
[13] when DAG production is upregulated [14]. Thus, it
remains unclear how these pathways are involved in DAG
biosynthesis.
One of the major obstacles that has prevented us from inves-
tigating DAG biosynthesis is that DAG and PA are too scarce
in plant tissues to be quantiﬁed. However, we previously
reported that crude extracts of ﬂoral organs showed consider-
able galactolipid biosynthesis activity without adding exo-
genous DAG, suggesting that ﬂoral organs contain higher lev-
els of DAG than leaves [15]. In the present study, we show that
ﬂoral organs indeed contain much higher levels of DAG than
leaves. Furthermore, we conducted phospholipid analyses and
assayed for enzyme activities that are possibly involved in
DAG production. The results show that diﬀerent sets of
enzymes are activated in ﬂoral organs.blished by Elsevier B.V. All rights reserved.
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Fig. 1. The amount of diacylglycerol (DAG) (mg/g fresh weight) in
leaves and three ﬂoral organs of Petunia hybrida. Data are aver-
ages ± S.D. of triplicate independent measurement.
Table 1
Fatty acid composition (mol%) of DAG in leaves and three ﬂoral
organs of Petunia hybrida
Leaf Petal Stamen Pistil
16:0 29.22 33.38 31.28 24.10
16:1 ND ND ND ND
18:0 4.47 3.79 8.39 10.29
18:1 2.00 1.20 3.72 11.01
18:2 11.11 32.82 27.05 28.66
18:3 53.22 28.80 29.56 25.95
Data are average of three independent measurement (S.D. < 5%).
ND: not detected.
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2.1. Materials
Petunia hybrida was grown on soil. The categorization of develop-
mental stages was as deﬁned previously [15].
2.2. Lipid analyses
Lipid analyses were conducted essentially as described [15]. Frozen
samples were pretreated with hot isopropanol to inactivate PLD activ-
ity. Total lipids were extracted by the method of Bligh and Dyer [16]
and separated by two-dimensional TLC (chloroform/methanol/ammo-
nia 120:80:8 v/v/v for ﬁrst development and chloroform: methanol/ace-
tic acid/water 170:30:15:3 v/v/v/v for second development). Each lipid
was isolated, and their fatty acid methyl esters were analyzed by gas
chromatography (GC-2014; Shimadzu, Tokyo, Japan). For DAG
isolation, a solvent system of ethylether/petroleum ether/acetic acid
50:50:1 v/v/v was used for one-dimensional TLC [13].
2.3. Enzyme activity assays
In this paper, NPC is deﬁned as the enzyme activities that non-
speciﬁcally hydrolyzes phospholipids to yield DAG and PC-PLC is
deﬁned as the enzyme activities that hydrolyzes PC directly to DAG.
Sample plants were frozen in liquid nitrogen and stored at 80 C until
use. Samples were then homogenized with assay buﬀer (50 mM Tris–
HCl [pH 7.0], 50 mM NaCl, 5% glycerol) and centrifuged at 3000 · g
for 20 min to precipitate cell debris. The supernatants were used as
crude enzyme extract. PC-hydrolyzing phospholipase C (PC-PLC)
activity and PLD activity were assayed as described [13]. The PAP
assay was done essentially as described [17], except that the assay buﬀer
described above containing 0.1% (w/v) Triton X-100 was used. For the
acyltransferase activity assay, the protocol was essentially according to
Bertrams and Heinz [18], except that 50 mM Tris–HCl [pH 7.3]0%
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Fig. 2. (A) Composition (mol%) and (B) amount (mg/g fresh weight) of phospholipids in three ﬂoral organs (petals, stamens and pistils) and in leaves
of Petunia hybrida. Striped bars, leaf; white bars, petal; gray bars, stamen; black bars, pistil. Results are the average ± S.D. of three independent
measurements. DGDG, digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SQDG, sulfoquinovosyldiacylglycerol.
Table 2
Fatty acid composition (mol%) of phospholipids in petals, stamens
and pistils of Petunia hybrida (stage 3)
Petal Stamen Pistil
PA
16:0 50.6 28.8 27.4
16:1 ND 1.8 ND
18:0 12.9 4.6 7.6
18:1 0.5 2.2 1.2
18:2 23.2 37.8 37.0
18:3 12.8 24.6 26.9
20:0 ND ND ND
PC
Y. Nakamura, H. Ohta / FEBS Letters 581 (2007) 5475–5479 5477containing 50 mM NaCl and 5% (w/v) glycerol was used for assay buf-
fer. Crude extract (50 ll) was mixed with 30 ll of substrate solution
containing 0.4 mM palmitoyl-CoA, 45 nCi of glycerol[14C(U)]-3-phos-
phate (American Radiolabeled Chemicals Inc., St. Louis, MO) and
2 mM of glycerol-3-phosphate (G3P), and incubated at 24 C for
5 min. The reaction was stopped by vigorously vortexing the reaction
with 0.5 ml of ethyl acetate and centrifuging it twice at 1500 · g for
5 min with 0.5 ml of 0.45% NaCl. The upper layer was dried and dis-
solved in 40 ll of chloroform/methanol (2:1, v/v) and run on a silica gel
TLC plate with a solvent system of ethyl acetate/iso-octane/formic
acid/water (13:2:3:10, v/v/v/v). Radioactive spots were quantitated by
Image Plate (Fuji Photoﬁlm, Tokyo, Japan) and Image Analyzer
(Storm, Amersham Bioscience). Protein concentration in the enzyme
extracts was quantiﬁed by the method of Bensadoun and Weinstein
[19] with bovine serum albumin as a standard.16:0 26.7 31.3 26.2
16:1 0.8 0.9 ND
18:0 4.4 1.2 9.0
18:1 1.0 1.1 2.8
18:2 43.1 29.8 34.6
18:3 24.0 35.7 27.3
20:0 ND ND ND
PE
16:0 29.0 33.0 30.5
16:1 ND ND ND
18:0 3.7 1.6 7.0
18:1 1.2 1.2 3.8
18:2 47.5 35.4 34.9
18:3 18.7 28.9 23.8
20:0 ND ND ND
PG
16:0 22.4 12.5 22.1
16:1 ND ND ND
18:0 18.8 4.0 9.0
18:1 5.4 2.7 5.3
18:2 5.1 4.8 4.0
18:3 48.4 76.0 59.6
20:0 ND ND ND
PI
16:0 48.1 48.5 48.5
16:1 ND ND ND
18:0 5.4 2.1 8.0
18:1 2.0 1.3 1.7
18:2 25.7 13.0 17.8
18:3 18.8 35.1 23.9
20:0 ND ND ND
PS
16:0 10.2 29.5 14.6
16:1 ND 3.9 8.9
18:0 6.0 8.0 8.5
18:1 5.6 5.7 5.2
18:2 37.0 20.1 11.5
18:3 22.7 28.1 27.6
20:0 18.5 8.1 23.8
Data are average of three independent measurement (S.D. < 6%).
ND: not detected.3. Results
3.1. Floral organs contain large amounts of DAG
Previously, we detected high galactolipid biosynthetic activ-
ity in ﬂoral organs of P. hybrida in vitro even without exoge-
nous addition of DAG as a substrate, suggesting that these
organs may contain higher amounts of DAG than leaves
[15]. To determine whether this is true, we measured DAG
content in each organ. As shown in Fig. 1, DAG content
was much higher in ﬂoral organs than in leaves, indicating that
there is a large DAG pool in these organs. The fatty acid com-
position of DAG was similar among the three ﬂoral organs
(Table 1). However, it should be noted that ﬂoral organs con-
tained less 18:3 DAG than leaves, which is also the case with
respect to galactolipid composition.
3.2. Phospholipid composition in three ﬂoral organs
To elucidate how such high levels of DAG are produced in
ﬂoral organs, we next measured membrane phospholipid
composition of these organs, because DAG is produced mainly
from phospholipids. As shown in Fig. 2, ﬂoral organs
contained less non-phosphorus lipids (galactolipids and a
sulfolipid) than leaves. Although PC and phosphatidylethanol-
amine (PE) were primary phospholipids in petals, stamens and
pistils contained considerably higher amounts of PA and phos-
phatidylinositol (PI) than petals. Because these lipid classes are
minor membrane constituents in leaves and are known to act
as signaling molecules [20,21], distinct phospholipid metabo-
lism may occur in these organs. Table 2 shows the fatty acid
composition of relevant lipid classes analyzed in Fig. 2 (only
phospholipids are shown; for galactolipids and a sulfolipid,
see [15]). Fatty acid composition of PC and PE was similar
among ﬂoral organs, and this composition was similar to that
of DAG. This suggests that phospholipid metabolism may be
similar among ﬂoral organs and that DAG may be derived
from PC/PE by phospholipase and/or phosphatase activity.
3.3. Diﬀerent sets of enzymes are activated in ﬂoral organs
To investigate how DAG is produced in ﬂoral organs,
enzyme activity assays were conducted. For DAG production
from PC, two pathways were considered: (1) direct hydrolysis
of PC by an NPC to yield DAG and (2) two-step hydrolysis
of PC by PLD and PAP. Therefore, we measured the overall
activity for DAG production from PC, PLD activity alone,
and DAG production from PA by PAP in leaves and the three
ﬂoral organs. As shown in Fig. 3A, the activity to produce
DAG from PC was higher in stamens and pistils. However,because this activity includes both NPC activity and PLD activ-
ity, we measured PLD activity separately by measuring produc-
tion of phosphatidylbutanol (PBu) in the presence of n-BuOH
in the assay buﬀer [22]. Fig. 3B indicates that PLD activity
was much lower than the activity to produce DAG from PC
in stamens and pistils, suggesting that NPC activity, rather than
PLD activity, predominates in these organs. On the other hand,
the PLD activity in leaves and petals was as high as the activity
to produce DAG from PC, suggesting that PLD activity pre-
dominates in these organs. However, it should be noted that
PAP activity was lower than PLD activity in leaves and petals,
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Fig. 3. Activities for (A) DAG production from PC, (B) PLD, and (C)
PAP in leaves and three ﬂoral organs of Petunia hybrida. Data are
average ± S.D. of three independent assays.
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Fig. 4. Acyltransferase activity to produce phosphatidic acid (PA)
from G3P in leaves and three ﬂoral organs of Petunia hybrida. Data are
average ± S.D. of three independent assays.
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PAP pathway (Fig. 3C). In contrast, PAP activity was higher
than PLD activity in stamens and pistils, suggesting that a sup-
ply of DAG from PA is also induced in these organs. Thus, this
PA may not be derived from other phospholipids but from de
novo synthesis. To conﬁrm this idea, we measured acyltransfer-
ase activity to yield PA from G3P (Kennedy pathway) in each
organ. As can be seen in Fig. 4, the acyltransferase activity was
higher in stamens and pistils, than in leaves and petals, suggest-
ing that de novo PA synthesis is upregulated in stamens and
pistils possibly to provide DAG by PAP activity. Consequently,
although a large amount of DAG is commonly accumulated in
ﬂoral organs, the pathways to supply DAG diﬀer among the
three ﬂoral organs.4. Discussion
The phospholipid analyses in ﬂoral organs showed that
stamens and pistils contained an unusually high mol% of
PA. In leaves, PA is considered a very minor component [20]
and acts as a second messenger that is transiently produced
by phospholipase reaction in response to biotic or abiotic stres-
ses [23]. Therefore, such high PA levels in these organs suggestthat this accumulated PA may be used as a precursor for lipid
metabolism rather than for signaling. In stamens and pistils,
fatty acid composition of PA was similar to that of DAG.
Therefore, the high level of PA may be a pooled precursor
for DAG production in stamens and pistils. Furthermore,
PA might be accumulated in these organs as PAP activity is
much lower than de novo PA synthesis, a major pathway for
the PA supply (Fig. 3C and Fig. 4).
DAG-producing activity such as PC-PLC and PAP was acti-
vated in stamens and pistils (Fig. 3). DAG can be produced
either by de novo phospholipid biosynthesis or by catabolism
of membrane phospholipids such as PC [13]. For DAG
production from PC, there is a diﬀerence between stamens/
pistils and leaves/petals. In stamens/pistils, PC-PLC activity
predominates over PLD whereas in leaves/petals, contribution
of PLD activity is much higher than that in stamens/pistils.
However, in PLD + PAP pathway, PAP activity is much lower
than PLD activity, suggesting that PAP is the limiting step.
This is also true in de novo synthesis that PAP activity is lower
than acyltransferase activity in all organs, suggesting that PAP
is the bottle neck in both membrane-derived and de novo
synthesized PA hydrolysis. These results suggest that DAG is
provided mainly by PC-PLC from PC in stamens/pistils but
by paralleling pathway of PC-PLC and PLD (or de novo syn-
thesized PA) + PAP in leaves/petals. The similarity in fatty
acid composition between PC/PE and DAG in stamens and
pistils (Tables 1 and 2) may support this idea. Although we
need additional studies to determine the relative contribution
of each pathway in four organs, our observation suggests that
the DAG supply may be provided through a variety of path-
ways in ﬂoral organs.
As reported previously, Petunia is an 18:3 plant [15]. There-
fore, DAG for galactolipid synthesis is provided exclusively by
eukaryotic pathway. PA can be synthesized both inside and
outside chloroplasts and certain amount of extraplastidic PA
might be taken into chloroplasts by a TGD1-like protein.
However, since chloroplasic PAP activity is too low to produce
DAG in 18:3 plants [24], this chloroplastic PA is thought to be
used for phosphatidylglycerol (PG) biosynthesis. Therefore,
the majority of extraplastidic PA may be converted to DAG
by extraplastidic PAP. In addition, DAG is provided from
PC by PC-PLC. The yielded DAG is then converted to galac-
tolipids by the outer envelope-localized galactolipid biosynthe-
sis since Type B MGDG synthases are active in ﬂoral organs
[25,26]. However, we cannot rule out the possibility that
Y. Nakamura, H. Ohta / FEBS Letters 581 (2007) 5475–5479 5479DAG is taken into the inner envelope of chloroplasts by
unknown mode of transport.
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